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QUANTITATION OF TISSUE LOSS DURING 
PROLONGED SPACEFLIGHT 


Introduction 

Oi'.r of the more consistent findings in astronauts returning from space- 
flight has been a loss In body weight. Interpretation of this weight loss 
In terms of the major body elements and tissues Is essential for understand- 
ing metabolic processes In weightlessness and predicting weight losses In 
future missions. Also, since diet and activity affect lean and fat tissues 
differently, a knowledge of expected changes will assist In establishing 
caloric and exercls** requirements. 

Based on our collective experience from Mercury through Skylab, and 
including bed rest studies which mimic some of the hypogravic effects of 
weightlessness, significant changes in gross body composition can be expected 
during spaceflight (Berry, I**?!; Johnson, et al, 1975; Johnson & Dletleln, 
1977; Greenleaf , et al, 1976). These Include alterations in water balance 
resulting from headward shifts of fluid, loss of musculoskeletal tissue as 
a result of "deconditioning" and postural disuse, and alterations in fat 
depending upon the balance betwe«'ii caloric Intake and energy expenditure. 

A definitive analysis of the effects of weightlessness on body compo- 
sition changes has been hampered by the difficulty In quantitating Inflight 
physical activity and ensuring an adequate caloric Intake as well as the 
operational constraints which precluded direct measurements of tissue loss. 
While these considerations existed on all previous flights, a major effort 
was directed at describing. If not controlling, the more essential compo- 
nents of body weight on the more recent Skylab missions. The present paper 
is an Integrative analysis of the most Important data gathered during the 
Skylab missions related to tissue loss In space. 

Background 

Previous analysis of body composition changes have been presented for 
crews of the short term (6-12 days) Apollo flights (Johnson, et al, 1973; 
Johnson, et al, 1974; Rambaut, et al, 1973) and for the longer term (1-3 
months) Skylab missions (Rambaut, et al, 1977a; Rambaut, et al, 1977b; 
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Whittle, 1979). Tlie average weight loss for the 33 Apollo and 9 Skylab 
crewmen was 3.5 kg (range: 0.62 to 3.9 kg) and 2.8 kg (range: -0.1 to 

4.2 kg), respect Ivei;' (Rambaut, et al, 1975; Thornton* 1978). The 
source of this weight loss was not readily apparent in all cases, although 
after the shorter flights (Including Mercury and Gemini) the weight was 
regained in 12-24 hours, suggesting a shift in water balance (Webb, 1967; 

De Dombal, 1969). Only on the last two Apollo missions did flight 
operations permit complete caloric, potassium and nitrogen metabolic 
balance as well as body water and exchangeable potassium by isotope 
dilution. These preliminary data indicated that after 12 days in 
space about half the wei; !it loss was due to water and the 
remainder consisted of fat and cell solids (mostly protein). The loss in 
fat was attributed to a caloric intake deficiency of 1000 kcal/day 
(Rambaut, et al, 1973). 

The Skylab biomedical findings added considerably to our know- 
ledge of metabolic and body composition changes. Although much of 
these data describing mineral, tissue and fluid losses have been 
reported in one form or another (Rambaut, et al, 1977a, 1977b; 

Whedon, et al, 1977; Whittle, 1979; Leach, et al, 1975, 1976, 1977), there 
h^ve been no systematic attempts to integrate the total quantity of infor- 
mation directly related to changes in body protein, lean body mass and fat. 
Direct evidence , .rmlttlng quantitation of lean body mass included pre- and 
posfflight measurements of total body water, total body potassium and body 
volume. In addition, dally inflight metabolic balance (potassium and nitro- 
gen) and body mass measurements provided, for the first time, a description 
of the time course of some of the most significant components of weight 
loss. Established relationships are available for equating these quanti- 
ties to direct measures of lean body mass. One of the purposes of this 
analysis was to assess the agreement among these various methods to arrive 
at the best estimate of body composition change for the Skylab astronaut 
population and to recommend the most promising techniques for use in the 
next generation of Shuttle Spacelab experiments. 
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METHODS 

Assumptions and Calculations 

Table I sunnarlzes the methods used in this study to quantitate lean 
body mass (LBM). According to the references cited In Table 1, the LBM* 
has a water content of about 73Z, a potassium content of about 60-70 meq/kg 

3 

(In b.?n), 9ud a density of about 1.1 gm/cm . In contrast, body fat con- 
tains negligible water and potassium content and has a lower density of 

3 

about 0.9 gm/cm . Thus, by measuring total body water (TBW) , total body 
potassium (TBK) , or body density (D) , and assuming a simple two compartment 
model (fat and fat-free), i. possible to estimate the relative propor- 
tions of fat and lean tissue In the body. Body density Is commonly derived 
fi'om body mass or weight (BWgt) divided by body volume (BVol) . All of 
these measurements were available from the various Skyiab experiments (see 
Table II) . Relationships have been suggested for predicting lean body mass 

from combinations of either TBW and TBK or TBW, TBK, BVol and BWgt. Losses 
in lean body mass were obtained by using these relationships shown in Table 
I and comparing the preflight period with the first postflight day of 
recovery. An inflight metabolic balance on nitrogen provided an additional 
measure of lean tissue loss. The cumulative algebraic sum of nitrogen 
balances, obtained each day of the mission. Indicates the net loss (or gain) 
of body nitrogen. Since protein contains an average of 16% nitrogen by 
weight and lean body mass is composed of 19.4% protein, it Is possible to 
quantitate these other parameters from a cumulative nitrogen balance (Grande, 
1968; Yang & Itallie, 1976). 

Measurements 

Total body water and total body potassium were obtained by the iso- 
topic dilution of isotopic hydrogen and potassium, respectively (Leach & 
Rambaut, 1977). Body volume was computed from a stereophotogrammetric 


In this paper we will assume that the difference between the lean body 
mass (body mass less storage fat) and fat-free mass (body mass less all 
ether extractable fat); l.e. the essential body fat (about 2% of body 
weight), is negligible. 


Note 1. All quantities expressed as kg (LBM, FAT, BWgt. Protein) or nllliequivalents (TBK) . 

Note 2. Assume essential body fat is negligible; l.e., fat free mass - lean body mass. 

Note 3. Symbols: TBW - total body water, TBK - total body potassium, LBM - lean body mass. BWet - body weleht. 

D = body density, N - nitrogen 


COMPOSITKIN PARAMETERS BEFORE 
AND AFTER SKYLAB MISSION 
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•iiethod Involving four cameras to make two stereoscopic pairs of photo- 
graphs from front and back and using computer analysis to determine the vol 
ume of different body regions and of the body as whole (Whittle, et al, 
1977). Body mass was measured by conventional scales in terrestrial 
environment and by the principles of oscillating masses during spaceflight 
(Thornton & Ord, 1977). The nitrogen balance consisted of daily monitor- 
ing of dietary intake and daily collections and analysis of urine 
and fecal excreta (Whedon, et al, 1977). Only preflight and postflight 
measurements were possible for TBW, TBK and BVol. Body mass and metabolic 
balances of nitrogen and potassium were determined dally throughout the 
preflight, inflight and postflight period. 

Pooling of Subjects 

The periods of weightlessness associated with each of the three 
Skylab missions were 28 days, 59 days and 8A days. Data are presented in 

this and other reports (Rambaut, et al, 1977c) showing that the largest 
losses in weight occurred during the first month and suggesting that mini- 
mal changes are associated with the last two months, especially with regard 
to body weight, body water and lean body mass. For this reason, as well as 
the limited number of subjects available (three crewmembers on each flight) 
it was decided to pool the results of all nine subjects in summarizing 
changes in body composition. However, the data were also examined and 
discussed with respect to duration of flight. Paired t-tests were used to 
assess statistical significance of inflight changes. 
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Reiultg 

A summary of the preflight values and Inflight clAnges of LBH» pro- 
tein, and fat obtained from the various methods are presented in Table III. 
Supportive calculations for each method and each subject are sho%m in the 
appendix (Table A-1 to A-9). 

The Inflight body weight changes associated with each method are not 
all the same in Table III primarily because of the assumptions in computing 
the preflight control value. For example, total body water was, in general, 
measured twice over a two-week Interval prior to launch, while total body 
potassium and biostereometry data were obtained more often over a two to 
four week preflight period. The body weight control value was based on an 
average of these measurement days. A grand average of 71.73 ^ 8.71 (MSB) kg 
body weight is obtained from all the daily preflight mass measurements and 
this value did not change significantly during the control period (Thornton, 
1978). The change in body weight measured from the morning of launch to the 
first shipboard weight immediately after recovery was -2.63 * 1.33 (sd) kg 
for the nine subjects. 

The method based on total body potassium did not at first provide reas- 
onable results (labeled "uncorrected" in Table III). The preflight values 
ind:.cated a higher fat content and lower lean body mass compared to a normal 
athletic adult population (Wood, 1976; Snyder, 1975) and compared to the 
other methods used in this study. In addition, the inflight changes in LBM 
are greater than the total weight changes; as a result the analysis indicated 
a net mean increase in body fat, which is clearly unacceptable based on a 
variety of other measurements (Leach & Rambaut, 1977; Whittle, 1979). A 
corrected lean body mass loss was calculated on the assumption that a sig- 
nificant amount of potassium leaves tl>e cellular compartment Independent 
of other cell constituents due to osmotic gradient considerations. This 
method yielded more reasonable Inflight results, but did not affect pre- 
flight values. A full discussion of these calculations and the assumptions 
on which they are derived are provided in the Discussion, Appendix B and 
Tables A-3 and A-5. 

With the exception of the total body potassium method, there was 
close agreement in estimates of preflight LBM and fat content among the 
various methods employed (Table III). The individual subject values of 


TABLE III 

SUMMARY OF LEAN BODY MASS, PROTEIN AND FAT CHANCES 
FOR SKYLAB CREW (H-9) DETERMINED BY VARIOUS METHODS 
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b) "Combined" Method 61.3 - 7.0 14.9 - 4.5 -1.83 - 1.25 | -1.20 - 1.40 -0.36 - 0.24 
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preflight LEM for each method are ehown in Table IV along vith the correla- 
tion coefficienta which show a significant degree of correlation between 
almoat alJ methods. The nitrogen balance method is not amenable for deter- 
mining absolute values of LBM. 

The inflight LBM loseee by the various methods ranged from 1.12 to 
1.83 kg and from 42Z to 62Z of total body weight loss*. Protein and fat 
losses were estimated in Table III to rangk* from 0.22 kg to 0.36 kg and 
from 0.94 kg to 1.56 kg, respectively. Table V presents the individual 
subject results for inflight LBM changes derived from each of these meth- 
ods. Except for an expected strong correlation between the TBW and com- 
bined TBW'TBK methods, all other simple correlations between pairs of these 
methods were not significant at the 95Z level. However, weaker relation- 
ships were consistently found between the corrected TBK method and all other 
methods. The biostereometry-body density method, although agreeing on the 
average with the other methods, exhibited the poorest subject-to-subject 
correlation with other methods (both preflight and postflight), the highest 
coefficient of variation and consequently, the least statistically signifi- 
cant Inflight losses. 

No b'*aningful trends could be observed between lean body mass loss and 
flight duration (subjects no. 1-3 were on the shortest flight and subjects 
no. 7-9 were on the longest flight). This observation helps justify the pool- 
ing of all subjects for estimates of mean inflight losses. However, there was 
consistent agreement among the various methods that the least loss in fat 
occurred on the longest mission, the same flight on %rhich the least body 
weight loss occurred. 

Losses of nitrogen and potassium from the body are often considered 
indices of cellular, and hence, lean body mass losses. In addition to meas- 
urements of total body potassium, daily metabolic balances (accounting for 
diet, urine and feces, but not sweat or skin losses) were performed on 
nitrogen and potassium. A comparison bet%/een these two balances is pre- 
sented in Table A-10 in terms of entire flight averages, and in Table A-11 
and Figure 1 in terms of monthly averages. In all cases, the inflight loss 
of potassium and nitrogen has been expressed as a shift from the preflight 

*In this and subsequent discussions of overall results, the estimates based 
on uncorrecCed total body potassium measurements will not be included. 
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TABLE IV 

(A) PREFLICHT LEAN BOL'Y MASS FROM ALL METHODS* ** 


SUBJECT 


METHOD 

TBW 

TBK 

TBW & TBX 


COMBINED 

1 

56.8 

50.3 

55.2 

52.2 

55.3 

2 

66.7 

60.3 

65.1 

54.8 

63.7 

3 

71.3 

59.5 

68.2 

66.7 

69.1 

4 

58.1 

31.4 

56.4 

62.7 

58.0 

5 

53.4 

47.1 

51.8 

59.3 

53.8 

6 

73.2 

71.5 

72.9 

81.7 

75.4 

7 

57.2 

49.7 

55.3 

57.3 

56.3 

8 

62.0 

56.5 

60.7 

52.7 

59.7 

9 

62.4 

55.6 

60.7 

55.3 

60.3 

MEAN 

62.3 

35.8 

60.7 

60.4 

61.3 

SD 

6.8 

7.5 

6.91 

9.3 

7.1 


* in kilograms 


(B) CORRELATION COEFFICIENTS FOR METHOD-TO-METHOD COMPARISON 



TBW 

TBK 

TBU 6 TBK 

BODY DENSITY 

COMBINED 

TBU 

- 

- 

- 

- 

- 

TBK 

** 

0.94 

- 

- 

- 

- 

TBW 

6TBK 

** 

1.00 

** 

0.97 

- 

- 

- 

BODY 

DENSIiY 

0.64 

0.70* 

ir 

0.6C 



COMBINED 

•* 

0.97 

** 

0.96 

** 

0.98 

** 

0.79 



* (p < .05) 

** (p < .01) 











I 


11 


TABLE V 

INFLTGHT CHANGES IN LEAN BODY MASS 


SUBJECT 


1 

2 

3 

4 

5 


7 

8 
9 

MEAN 

SD 

Nomallzttd to 
ABWgt - -2.72 



METHOD 


CUMULATIVE 

NITROGEN 

BALANCE 

BODY 

DENSITY 

-0.866 

-2.43 

-2.00 

+2.21 

-1.54 

-4.20 

-1.88 

-7.47 

-1.48 

-4.61 

-1.54 

-2.07 

-3.35 

-4.49 

-1.84 

+3.31 

-0.16 

+4.06 

-1.63 

0.87 

-1.74 

4.03 

-1.85 

-1.56 


COMBINED 

METHOD 

-1.96 

- 0.88 

-3.65 

-2.85 

- 1.12 

-3.38 

-1.89 

-0.39 

-0.36 

-1.83 

1.25 

-1.64 I 
















? 




MONTHS INFLIGHT 




SHIFT FROM 
PREFLIGHT 
CONTROL 
(gm/d) 








im 


MEAN (iSD) MONTHLY NITROGEN & POTASSIUM BALANCES 
EXPRESSED AS INFLIGHT PROTEIN LOSS RELATIVE TO PREFLIGHT 


HGURE 1 


* Different from Preflight * (P<. 05), ** (P<.01) 
+ Different from 1st month + (P<.05), ++ (P<. 01) 




13 


control value. The mean dally losses of nitrogen and potassium have been 
converted to the common units of grams of protein by using the factors 
6.25 gm protein per gm nitrogen (Calloway, 1974) and 2.23 gm muscle pro- 
tein per meq potassium (Snyder, 1973). In Figure 1, the entire population 
of nine subjects Is represented In the first months data, while the second 
and third months Include six and three subjects, respectively. The con- 
trol group followed the same pattern. This balance analysis demonstrates 
a similar time profile for both constituents. Both show the largest losses 
during the first month with losses half as large thereafter. Similar 
losses during the last two months suggest an attainment of a steady-state 
loss rate. 

DISCUSSION 

Accuracy 

The estimates for pvcf light lean body mass and fat content (Table II) 
all fall within the range previously reported for either active or ath- 
letic males (Wood, 1976; Ward, et al, 1975). In addition, the coefficient 
of variation for each of the different methods is, on the average, ctn- 
siderably less than demonstrated for at least one other comprehensive 
comparative study (Ward, et al, 1975) attesting to the narrow variability 
in the combined population variability plus measurement error. There is 
less precision in estimation of the changes in LBM during flight although 
all methods Indicate a loss of at lease one kilogram. Losses of this 
magnitude encroach upon the limits of accuracy of all the methods employed 
(Keys & Brozek, 1953; Krzywickl, et al, 1974; Slri, 1956 ^ Whittle, 1978). 

There have been few other comparative studies which measure relative 
accuracy in body composition by several methods (l.e. Krzywlckl,et al, 

1974; Ward, et al, 1975) and none to our knowledge in which changes In 
body composition were estimated by multiple methods following a stress or 
treatment phase. Absolute accuracy of any of these indirect methods is 
hampered by lack of a suitable direct method for verification. The 
stereophotometrically-determined body density method used In the Skylab 
studies is a relatively recent innovation and its accuracy still needs to 
be assessed (Whittle, 1978; Herron, 1971). Although the mean values for 
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LBM derived from this method are in agreement with results obtained from 
the other methods, it was the only procedure that failed to achieve statis- 
tical significance for Inflight losses. There are certain methodological 
considerations with regard to the other procedures considered herein which 
could have contributed toward method-to-method variations. These are dis- 
cussed below. 

Methodological Considerations 

The determination of body composition from the methods used in this 
study assumes that the body tissues (fat and fat-free) have a fixed density 
as well as an unvarying proportion of water or potassium. Furthermore, 
estimates of changes in body composition demands that water, potassium and 
nitrogen be lost from the lean body in the same proportion as they exist in 
the normal intact individual. Agreement between the different methods may 
be limited by the degree to which these assumptions are correct. 

There appears to be much more evidence available verifying the accur- 
acy of these methods in measuring absolute values in a control population 
than there is regarding the ability to estimate changes in body composition 
resulting from some disturbance. For example, while total body potassium 
is clinically useful in predicting total LBM (Edmonds, et al, 1975), this 
does not demonstrate that small changes in body potassium are a reliable 
measure of corresponding changes in LBM or body protein. It has been 
emphasized that the normally strong correlations between total body water, 
total body potassium or nitrogen, and lean body mass are Invalidated in 
certain conditions (Muldowney & Healy, 1967). It has also been noted that 
in starvation. Infection, tissue Ischemia, and anoxia tissues are depleted 
of potassium and water in amounts proportionally greater than the protein 
loss (Grande, 1968; Black, 1964). Other investigators have reported large 
variability of results in assessing body composition changes using potas- 
sium-based methods as opposed to nitrogen balance (Yang & Van Itallie, 1976). 
Potassium loss from cells can occur not only from actual breakdown of pro- 
tein, but also from loss of intracellular fluid and inefficiency of the 
energy metabolism process on which the maintenance of the transcellular membrane 
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potassium gradients must depend (Black, 1964). A constancy of lean body 
density (l.e. the premise underlying this method) would demand proportional 
losses of both tissue solids (protein and electrolytes) and water. 

In weightlessness, the quantities of protein, electrolytes and water 
are known to change. More Importantly, they are believed to be depleted from 
the body at widely different rates. Water and sodium, for example, exhibit 
large reductions within the first several days of hypogravlty mainly due to 
internal fluid disturbances while changes in the cell protein pool are influ- 
enced by slower acting metabolic processes (Leach & Rambaut, 1977). Anorexia 
associated with space motion sickness early In flight would be expected to 
augment loss of cell components Including fat. These findings are supported 
by ground-based hypogravlc stress studies such as water immersion (Kolllas, 
et al, 1976) and bed rest (Greenleaf, et al, 1977 ; Pace, et al, 1976). Thus, 
it is questionable that the proportions between whole-body constituents ob- 
served during preflight conditions are maintained during the non-steady-state 
conditions of the inflight period. Whether or not the net results of these 
inflight changes are to establish a new equilibrium level appropriate to the 
zero-g state with the same proportions of body composition as In 1-g is not 
known. Analyses of data that utilized this assumption, such as those presented 
here, should be interpreted with some caution. In our favor. Is the fact 
that the data analyzed herein was obtained after one to three months Inflight, 
a period long enough to perhaps have achieved a new steady-state. More 
direct measurements such as can be obtained from tissue biopsy samples may 
provide further Information regarding the dynamic relationships between 
water, mineral, and protein at the cell level. 

Errors in TBK Method 

The unreasonably high values for LBM losses derived from the TBK 
method was examined by considering the following factors: 

a) The factor of 65 meq K^/kg LBM is not appropriate for the astro- 
naut population. Values from the literature show that the potassium con- 
tent of the lean body mass is within the range 60 - 70 meq K /kg (Snyder, 

1875; Allen, 1960; Womersley, 1976). If we accept the mean inflight LBM 
loss of about 1.5 kg obtained by the other methods (see Table III), then 
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the measured Inflight loss of 236 meq K would require a concentration of 
236/1.5 -IS? meq K^/kg LBM, a value so far out of the normal range that 
other explanations must be sought. 

b) From the above discussion* the possibility must be considered 

that the measured values of TBK are erroneous and the potassium losses 

were overestimated. The total accuracy of the isotope dilution method for 
40 

K may be several percent (Pierson, et al, 1974). If there were a syste- 
matic error of this amount In the technique used In the Skylab study, it 
could explain most of the discrepancy in the calculation of LBM loss. It 
has been noted that in certain pathological situations this technique Is 
subject to large errors in predicting LBM (Muldowrey & Healey, 1967). Pre- 
flight values were reasonable, and it is not clear that the Inflight con- 
ditions represents a departure from the suitability of this method. 

c) A significant fraction of the measured TBK loss was unaccompanied 
by other cellular components such as nitrogen and water (which constitute 
about 90X of LBM). We have discussed earlier that the ratios water:potas- 
slum:nltrogen in lost body mass is often greater than one %fould expect from 
the normal cellular ratios of these components. Althi-ugh the reasons for 
this are not clear, and the metabolic balance data for the nitrogen and 
potassium (Figure 1) admittedly does not support this conclusion, it is 
,.ossible that this phenomena occurred in the Skylab crew. 

In addition to the high values of lean body mass loss predicted by the 
uncorrected TBK method, the expected intracellular water loss also appears 
rather high. Using a value of 160 meq/liter for the intracellular potassium 
concentration (Pitts, 1968), it would be expected that 1.5 liters of cell 
water would be lost with 236 meq potassium assuming potassium to be the most 
significant osmotically active substance undergoing change, llils is large 
compared not only to the total weight loss, but also to the measured total 
body water change of 0.8 liters and the derived intracellular water loss 
of 0.5 liters (Leach and Rambaut, 1977). 

In search of an explanation for these discrepancies, we noted a mild, 
but persistent dilution of sodium concentration and osmolarity in extra- 
cellular fluid as measured from plasma samples obtained at regular inter- 
vals throughout the flight (Leach and Rambaut, 1977). This was also noted 
in several bed rest studies (Chobanlan, 1974; Johnson & Mitchell, 1977), 
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and while it has not yet been explained, osmotic balance demands that 
intracellular fluid was similarly dilute (Bland, 1963). Also, it can be 
shown that a lesser amount of water will be expected to accompany potas- 
sium osmotlcally from the cell if body fluids become hypotonic. We have, 
therefore, postulated two components of potassium loss: an osmotic loss 

which satisfies osmotic balance in the face of extracellular dilution and 
a muscle atrophy loss which is accompanied by nitrogen and other cellular 
constltutents. This assumption has been translated into quantitative terms 
using the changes in plasma sodium concentration as correction factors. A 
sample calculation appears in the appendix and results for Individual sub- 
jects are shown in Table A-3. 

While this is admittedly a speculative exercise, the predicted LBM and 
intracellular water losses are in much close agreement with other independent 
measurements after the correction is applied (Appendix B and Table III). 

The significant Increases in aldosterone, cortisol and catecholamines 
observed during the flight (Leach & Rambaut, 1977) support the concept that 
unusual potassium losses from cells may have occurred. 

Nitrogen and Potassium Balances 

The loss rates of nitrogen and potassium, as measured by metabolic 
balance and computed as change from control, are in a ratio consistent with 
the normal skeletal muscle composition. The overall inflight loss ratio, 

A K: AN • 11.9 meq/d: 4.2 gm/d ■ 2.86 (Table A-8) , compared to 2.80 given 
for the normal potasslumrnitrogen content of skeletal muscle tissue (Snyder, 
1975). However, when these losses are expressed in terms of equivalent 
protein (about 26 gm/d) and summed over the average Skylab flight of 57 
days, a total depletion of 1.5 kg protein or 7.7 kg LBM (assuming protein 
is 19. 4Z of LBM) is calculated. This is over three times the total weight 
loss and is obviously erroneous in spite of the good correlation between 
relative changes in nitrogen and potassium balance. Explanations for this 
discrepancy could Include: a) a true positive balance of body protein 

during the control phase which when subtracted from the Inflight balance 
overestimates the true inflight loss, and b) errors in balance collection 
and chemical analysis which do not cancel by subtracting preflight control 
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balance from inflight balance because the errors are different during 
these two mission phases. For example, sweat or skin losses may not be 
the same In 1-g and zero-g (Leach, et al, 1978). Even when maximal nitro- 
gen losses from body surfaces are accounted for (l.e. 0.5 - 1.0 gm/d; 
Calloway, et al, 1971), the preflight nitrogen balance still Indicates a 
high retention rate. A similar analysis argues for preflight potassium 
retention, although total body potassium measurements performed throughout 
the preflight period do not suggest any change In this quantity, a dis- 
crepancy we cannot resolve. The interpretation of positive protein reten- 
tions derived from metabolic balances, although observed by many other, 
have been questioned (Hegsted, 1976 ) , but sources of methodological errors 
in carefully controlled studies are not apparent (Stef fee, 1976). The 
inflight nitrogen balance, without correction for sweat losses or pre- 
flight balance, provides reasonable estimates of Inflight loss and Is the 
basis for one of the methods for determining LBM loss in our analysis. 

Muscle Atrophy 

It is now well known that atrophy of skeletal muscle occurs in 
response to disuse, inadequate functional load, insufficient food intake 
and lack of exercise (Goldspink, 1972; Booth, 1977; Fedorov, et al, 1977). 
Spaceflight may be associated with more than one of these conditions since 
the absence of gravity favors diminished use of the lower limbs for pos- 
tural support and locomotion, a reduced loading on welght~bearing tissues, 
and interference with proprloreceptor reflexes which can influence muscle 
metabolism and function (Parln, 1975; Thornton, et al, 1977). Also, the 
amount of exercise varied several fold among the three Sky lab crews, 
ranging from what could be considered minimal to intensive work (Rummel, 
et al, 1975). Dietary Intake was reduced considerably during periods of 
space motion sickness (Rambaut, et al, 1977c), a condition known to promote 
net protein breakdown (Golden, et al, 1977; Steffee, et al, 1976). 

Different types of muscles are known to be affected to different 
extents depending upon the specific stress. Thus, simple disuse (i.e. 
lonoblllzatlon) will preferentially affect slow-twitch, fatigue resistant 
red fibers which normally control anti-gravity or postural functions 
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(Dorchak & Greenleaf, 1976). Major postural muscle groups in man are 
found In the calves, trunk and neck (Lockhart, 1972). Recent ground- 
based animal studies have demonstrated that rates of protein synthesis and 
muscle weight in slow fiber groups diminish significantly within one to 
three days after limb Immobilization (Booth, 1977). On the other hand, 
exercise of high intensity will preferentially cause hypertrophy of slow- 
twitch fibers while starvation appears to degrade the fast-twitch, easily fa- 
tigable, white fibers. While the biochemical mechanisms involved in these 
processes are not well understood, muscle atrophy is associated with the 
following characteristics: a) a diminished muscle mass, fiber diameter, 

contractile strength and number of myofibrils, b) Increased stiffness and 
fatigability, and c) changes in lsoz>'me spectrums (Goldsplnk, 1972; 

Petrova & Portugalov, 1977). 

Spaceflight studies conducted on rats have confirmed that weightless- 
ness results in unloading of slow anti-gravity muscles accompanied by dim- 
inished strength and mass and demonstrated a similarity between lack of 
gravity during spaceflight and lack of movement during immobilization (Oganov 
and Potapov, 1976; ll'ina-Kakuyeva, et al, 1977). It would be expected that 
subjects performing intensive physical exercise in flight would tend to counter- 
balance and perhaps conceal these atrophic effects (Mallyan & Klvalenkc, 1976). 
The Sky lab data supports these findings by demonstrating: a) a consistent loss 

of lean body mass, b) a reversal of nitrogen balance from positive to negative 
within two days for all nine subjects, c) diminished leg strength and volume 
which showed marked improvement associated with intensive exercise (leg 
tissue is relatively fat-free), and d) altered electromyographic response 
from calf muscles indicating dysfunction characteristics and heightened 
iatlgabllity (Johnson & Dictleln, 1977; LaFevers, et al, 1975). The obser- 
vation of bone demineralization during spaceflight (Whedon, et al, 1977; 

Rambaut, et al, in press) is also relevant to the concept of a generalized 
atrophic response of the musculoskeletal system ^ toto during hypodynamic 
and hypogravity (Pace, 1977; Pestov & Gerathowohl, 1975). In addition, 
analysis of the nitrogen balance data (Figure 1) suggests that muscle atrophy 
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during the first severrl veeks of spaceflight proceeds at a high rate 
Independent of the level of s::erclse. Thereafter, the rate of loss dim- 
inishes considerably perhaps due to gradual adaptive changes or to Increas- 
ing levels of exercise. Taken as a whole, this discussion supports the 
premise that some muscle loss, especially slow twitch, postural maintaining 
fibers. Is Inevitable during the Initial phases of flight. It, therefore, 
follows that the most beneficial zero-g exercise for counteracting this 
effect might be that which affects oostural muscle groups (l.e. toe and heel 
rises, and body bends against rn elastic restraint (Thornton & Rummel, 1977)1 
Other aerobic type exercise (l.e. bicycle ergometer) may be more useful to 
maintain cardiovascular conditioning. 

Conclusions and Recommendations 

The general conclusion of this study, obtained from averaging results 
of the six methods, is that a weight loss of 3.8Z observed during the 
Skylab missions can be attributed to a 2.5% loss in lean body mass and a 
10.4% loss In body fat corresponding to the following Inflight losses: 

A body weight ■ 2.7 ^ 0.3 kg, ALBM “ 1.5 - 0.3 kg and Abody fat ■ 1.2 ^ 

0.3 kg. Using the relationships that protein is 19.4% of LBM and water 
is 73.2% of LBM we find total body decrements of water and protein to be 
1.1 kg and 0.3 kg, respectively. Supportive evidence for these losses, 
although not suitable for quantitative evaluation of whole body changes, 
comes from measurements of leg volume (Hoffler, 1977) and other body 
segments (Whittle, 1979), intracellular and extracellular fluid volumes 
(Leach & Rambaut, 1977; Johnson, et al, 1977), urinary methylhlstidine, 
cortisol creatinine, 17-keto steroids, and hydroxyproline, (see Figure 2) 
plasma pottasium concentrations (Leach & Rambaut, 1977), metabolic bal- 
ances for cellular electrolytes (l.e. magnesium, phosphorus, calcium; 

Rambaut, et al, 1977c), limb strength tests (Thoi-nton 6 Rummel, 1977) and 
skinfold measurements (Rambaut, et al, 1977a). 

There was no apparent trend to Indicate that losses continued with 
Increasing periods of weightlessness. In fact, the longest mission (84 
days) was characterized by che smallest losses in weight and body fat. 
Inasmuch as dietary caloric intake and exercise was also increased 
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by this crew, it it difficult to ttparatc out the effects of flight dura- 
tion, exercise and diet. However, this does suggest that with an adequate 
diet and appropriate exercise weight losses can be toinimised, but probably 
not eliminated. The weight changes which may be the most difficult to 
prevent are those associated with the musculoskeletal system (see dis- 
cussion above) and water loss. An obligatory loss in body water has long 
been suspected due to volume receptor reflexes responding to headward 
shifts of fluid in hypogravity (McCally & Graveline, 1963; Leach & Rambaut, 
1977). Decrements in body water and plasma volume have been repeatedly 
demonstrated during water inmersion and bed rest (Kollias, et si, 1976; 
Greenleaf, et al, 1976). 

All of the methods examined in this study are indirect and none truly 
measures the compartment usually designated as lean body mass. While meas- 
urements of total body water, potassium and metabolic balances are useful 
for the quantities they measure directly we have discussed the problems 
associated with their assessment of LBM during periods of acute loss when 
cellular constituents are rapidly changing. The next generation of spaceflight 
missions will involve flights of one or two weeks, much shorter than the 
Sky lab flights. Body density methods may be a more reliable indicator of 
body composition changes if it can be shown that overall densitltes of 
lean and fat tissues are reasonably constant under these conditions. The 
value of stereophotometry in spaceflight has been demonstrated for examin- 
ing regional body volumes and anthropometric changes (Whittle, 1979), but 
at the present time, underwater hydrostatic weighing would appear to be a 
superior system for determining body density. In addition, inflight 
muscle biopsy procedures in man or animals could provide Information 
regarding proportionate changes of cellular constituent);. The problems 
raised in this paper concerning total body potassium measurements and 
metabolic balances should be addressed. Losses of nitrogen and electro- 
lytes from the skin during rest snd exercise should be directly measured 
Inflight. Recent innovations in neutron-activation analysis seem promis- 
ing for providing simplified procedures and improved accuracy in measuring 
whcle-body components of lean body mass. Measurements of this nature per- 
formed during spaceflight could also be applied to understanding tissue 
degradation and recovery rates of patients confined to bed or immobilized 
by casts. 
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TABLE A- 3 

INFLIGHT LBM FROM TBK METHOD 
Corrected for Dilution Effect 
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ATBK (osmotic loss) ■ ICF x |ANaJ 

ATBK (corrected) ■ ATBK (measured) - ATBK (osmotic loss) 
ALBM - ATBK/ 65 












LBM FROM CXJMBINED TBV< AND TBK OF SKYLAB CREW* 
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TABLE A- 5 

INFLIGHT ALBM FROM COMBINED TBW-TBK METHOD 
(Corrected for Dilution Effect) 


SUBJECT 

ATBK* ** *** Cor. 

(oeq) 

** 

ATBW 

(1) 

*** 

ALBM 

(K«) 

AFAT 

(Kg) 

APROTEIN 

ABWgt 

(Kg) 

1 

- 136 

-0.75 

-1.17 

-0.84 

- 0.23 

-2.01 

2 

- 117 

-0.80 

-1.16 

-2.93 

- 0.23 

-4.09 

i 

- 189 

-2.15 

-2.74 

-1.44 

- 0.53 

-4.18 

4 

- 21 

-0.60 

-0.67 

-3.29 

- 0.13 

-3.96 

5 

- 6 

+0.50 

+0. 48 

-3.60 

+ 0.093 

-3.12 

6 

00 

-1.70 

-1.43 

-2.48 

- 0.28 

-3.91 

7 

- 29 

-0.85 

-0.94 

+1.09 

- 0.18 

+0.15 

8 

- 140 

-0.50 

-0.94 

-0.77 

- 0.18 

-1.71 

9 

- 354 

-0.55 

-1.65 

+0.25 

- 0.32 

-1.40 

MEAN 

- 100.6 

-0.82 

-1.14 

-1.56 

- 0.22 

-2.69 

SD 

128 

-0.75 

0.85 

*1.63 

0.17 

1.53 


p <.05 

p <.05 

p <.01 

p <.05 

p <.05 

p <.01 


* From Table A-3 

** From Table A-1 


*** See Table A-4 for equation 


TABLE A-6 

ALBM FROM NITROGEN BALANCE* 
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INFLIGHT 

INFLIGHT CHANGES 

SUBJECT 

NITROGEN 

BALANCE 

APnOTKlN 

ALBM 

AFAT 

ABWCT 


(gm/d) 

(gm) 

(Kg) 

(Kg) 

(Kg) 

1 

- 0.96 

-168 

-0.866 

- 0.23 

- 1.1 

2 

- 2.22 

-389 

-2.00 

- 0.70 

- 2.7 

3 

- 1.71 

-299 

-1.54 

- 1.66 

- 3.2 

4 

j 

- 0.99 

-365 

-1.88 

- 2.02 

- 3.9 

5 

- 0.78 

-288 

-1.48 

- 2.12 

- 3.6 

6 

- 0.81 

-299 

-1.54 

- 2.66 

- 4.2 

7 

- 1.24 

-650 

-3.35 

+ 3.35 

0 

8 

- 0.68 

-356 

-1.84 

+ 0.44 

- 1.4 

9 

- 0.06 

-314 

- 0.16 

- 1.24 

- 1.4 

MEAN 

- 1.05 

-316 

- 1.63 

- 0.76 

-2.39 

SD 

- 0.62 

-168 

- 0.87 

- 1.82 

-1.46 


(p <.01) 

(p <.01) 

(p <.oi) 

N.S. 

(P <.oi) 


* AProteln ■ mission length x 6.25 x N Bal. 


Mission Length: 28 days 

59 days 
84 days 


(Subjects 1-3) 
(Subjects 4-6) 
(Subjects 7-9) 


ALBM 


AProteln (Kg) 
.194 














TABLE A- 7 

CORRECTED BODY DENSITIES OF SKY LAB CREW* 
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TABLE A-8 

LBM FROM BODY DENSITY 
OF SKYLAB CREW* 


MAN 

PREFLIGHT 

POSTFL 

^GHT 

DIFFERENCES (Kr) 

LBM(Kr) 

X Fat 

LBM(Kr) 

X Fat 


ALBM 

AFat 

AProteln 

1 

52.21 

16.8 

49.78 

17.3 

- 2.56 

- 2.43 

- 0.13 

-0.471 

2 

54.81 

29.8 

57.02 

23.2 

- 3.81 

+ 2.21 

- 6.02 

+0.429 

3 

66.70 

17.8 

62.50 

15.9 

- 5.17 

- 4.20 

- 0.97 

-0.815 

4 

62.71 

8.7 

55.24 

13.9 

- 4.50 

- 7.47 

+ 2.97 

-1.45 

5 

59.75 

3.6 

55.14 

5.41 

- 3.66 

- 4.61 

+ 0.95 

-0.894 

6 

81.66 

7.3 

79.59 

5.41 

- 3.93 

- 2.07 

- 1.86 

-0.402 

7 

57.31 

15.9 

52.82 

22.2 

- 0.18 

- 4.49 

+ 4.31 

-0.87 

8 

52.69 

26.2 

56.00 

18.8 

- 2.49 

+ 3.31 

- 5.80 

+0.642 

9 

55.25 

18.3 

59.31 

11. i 

- 0.94 

+ 4.06 

- 5.00 

+ 0. 788 

MEAN 

SD 


16.0 

-8.57 

58.60 

is. 66 

14.8 

-6.5 

- 3.03 

- 1.64 

- 1.74 

- 4.03 

- 1.28 
- 3.75 

- .338 

- .782 


(p<.01) N.S. N.S. N.S. 


* a) 

LBM 

BWgt 1^6.0098 - - 

b) 

Fat 

BWgt - LBM 

c) 

A Protein ■ 

.194 X LBM 


















TABLE A-9 

LBM FROM "COMBINED" METHOD USING STEREOPHOTOGRAPHY* 



Results taken from Whittle, 1978 













TABLE A-10 

NITROGEN AND POTASSIUM BALANCES 
OF SKYUB CREW 


33 



NITROGEN BALANCE (gm/d) 

MAN 

Preflight 

Inflight 

A 

1 

2.95 

- 0.96 

- 3.91 

2 

3.12 

- 2.22 

- 5.34 

3 

3.00 

- 1.71 

- 4.71 

4 

3.07 

- 0.99 

- 4.06 

5 

3.42 

- 0.78 

- 4.20 

6 

4.05 

- 0.81 

- 4.86 

7 

3.31 

- 1.24 

- 4.55 

8 

2.20 

- 0.68 

- 2.88 

9 

2.78 

- 0.06 

- 2.84 

MEAN 

3.10 

4- . 

- 1.05 

- 4.15 
+ _ 

SD 

-0.50 

- 0.62 

- 0.85 


POTASSIUM BALANCE (meq/d) 


Preflight Inflight 


21.71 

24.94 

17.33 

17.84 

14.03 

23.19 

12.30 

13.62 

17.48 


18.05 
- 4.43 


Correlation coefficient: AN vs. AK ■ 0.59 (p < .01) 

* No corrections for sweat 


5.53 

5.04 

5.11 

5.01 

6.43 

12.79 

1.13 

6.93 

7.79 


-3.09 


- 16.18 

- 19.90 

- 12.22 
- 12.88 

- 7.60 

- 10.40 

- 11.17 

- 6.69 

- 9.69 


Avg. Protein Loss 
r9 


From AN: ( A x ML^)j /9 x 6.25 - 1400 gm 


From: AK 


X ML^j/9 X 2.23 


1360 gm 

















NITROGEN AND POTASSIVIM BALANCES OF SKYLAB CREW; 
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APPENDIX B 

CALCULATION OF TBK CORRECTION FACTOR 


Assume: a) a portion of the potassium leaving cellular compartment unaccom- 

panied by protein and water is equivalent to the amount necessary 
to dilute Intracellular potassium to the same extent as sodium is 
diluted in the extracellular compartment (i.e. a mean change in 
sodium concentration of 4.53 meq/1 measured throughout Inflight 
phase) , 

b) that this is a generalized loss throughout the Intracellular com- 
partment; i.e. 29.6 liters (measured preflight). 


Therefore, this component of the potassium loss, to satisfy osmotic equilibrium, 
can be estimated to be 

osmotic loss ■ 4.53 meq/1 x 29.6 liters ■ 134 meq k"*" 


The actual loss of potassium which can be claimed to be a result of muscle 
atrophy (i.e., accompanied by nitrogen and water) is the difference between the 
measured Inflight loss and the osmotic loss: 
muscle atrophy loss • 236 - 134 ■ 102 meq 


The lean body mass loss attributed to muscle atrophy is obtained from the 
relationship: 


ALBM 


ATBK 102 
65 ' 65 


1.57 kg 


The protein loss is taken as 19. 4X of the LBM loss: 

Aprotein • 0.194 x 1.57 ■ 0.30 kg 

Alternatively, the proteln:potassium ratio of the LBM is known to be 3.06 gm/meq 
(Snider, 1974), so that 

Aprotein ~ 3.06 x 102 ■ 0.31 kg 

Fat loss is: 

AFat - ABWgt - ALBM - 2.69 - 1.57 - 1.12 kg 

The Intracellular water loss accompanying 102 meq can be estimated from 
the concentration of cell IPitts, 1960): 
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APPENDIX B (CONTINUED) 

102 

intracellular water ■ meq/1 " litere 

These valuea are more in accord with other Dcthods for measuring LBM loss 
(range -1.12 to -1.83 kg), fat loss (range - 0.76 to -1.20 kg) and cell 
water loss (-0.5 liters). 


Sunnary : 


Composition Changes from TBK Loss 



Uncorrected 

Corrected for Dilution 

ALean body mass 

(kg) -3.63 

-1.57 

AFat (kg) 

+0.9A 

-1.12 

AProtein (kg) 

-0.70 

-0.31 

ACell Water (1) 

-1.50 

-0.64 
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